We have previously reported that short-term (48-72 hr.) exposure to the GABAmodulatory steroid 3α-OH-5α-pregnan-20-one (3α,5α-THP) increases expression of the α4 subunit of the GABA A receptor (GABAR) in the hippocampus of adult rats. This change in subunit composition was accompanied by altered pharmacology and an increase in general excitability associated with acceleration of the decay time constant (τ)
weighted decay time constant, τ w
Introduction
In the hippocampus, input from a diverse array of GABAergic interneurons produces inhibitory synaptic drive onto pyramidal cells in the CA1 region (Hajos and Mody 1997) . The post-synaptic GABA A receptors (GABARs) on these cells are composed of a heterogeneous population of GABAR subunit isoforms, with α1 and α2containing receptors predominating (Wisden et al. 1992) , each localized to specific subsynaptic sites (Nusser et al. 1996) . Many positive modulators of the GABAR exist, including the GABA-modulatory metabolite of progesterone, 3α-OH-5α-pregnan-20-one (3α,5α-THP), which acts in a barbiturate-like fashion to enhance GABA-gated currents of hippocampal neurons (Majewska et al. 1986 ) by increasing the duration of single channel openings and burst frequency of GABAR (Twyman and Macdonald 1992) without changing channel conductance.
It is well-known that acute application of positive modulators of GABARs, such as benzodiazepines (BDZs) (Bai et al. 2001; Poisbeau et al. 1997; Zeng and Tietz 1999) , anesthetics (Bai et al. 2001; Banks and Pearce 1999) and neuroactive steroids (Brussaard et al. 1997; Cooper et al. 1999; Haage and Johansson 1999; Harrison et al. 1987; Jorge-Rivera et al. 2000) , prolongs the decay time of miniature inhibitory synaptic currents.
This resultant increase in inhibitory current is thought to underlie the sedative effect of these compounds (Bitran et al. 1991; File 1988) . Although most studies have focused on acute effects of this steroid, our recent investigations (Gulinello et al. 2001 ) have demonstrated that alterations in both GABAR subunit expression and anxiety behavior reflect a complex temporal pattern following sustained exposure to 3α,5α-THP: Initially, an increase in hippocampal expression of the α4 subunit is seen in correlation with increased anxiety after 48 hr. exposure to this steroid (Gulinello et al. 2001 ). These parameters recover to control levels by 5-7 days of continued steroid exposure and remain unaltered until withdrawal from the steroid after 21 days of steroid exposure (Gulinello et al. 2001) , when increases in α4 levels and anxiety are again observed. (Smith et al. 1998a,b) .
In both cases, increased expression of α4-containing GABAR was associated with GABAergic current exhibiting fast decay kinetics (Gulinello et al. 2001; Smith et al. 1998a,b) . However, this finding was observed in acutely isolated neurons in response to externally applied GABA, and therefore must necessarily reflect contributions from both synaptic and extrasynaptic GABAR populations (Banks and Pearce 2000) .
In order to determine whether hormone-induced upregulation of the α4 subunit results in a change in the composition and function of GABARs localized subsynaptically, analysis of unitary synaptic events is required. Under conditions where action potentials are suppressed with TTX, the recorded miniature inhibitory postsynaptic currents (mIPSCs) are believed to reflect the post-synaptic quantal response from a single vesicle at one synapse. The decay time constant of these unitary events thus reflects the kinetics of post-synaptic GABAR clusters, whereas compound events occur in response to asynchronous release of transmitter at multiple synapses, and are not useful for estimates of post-synaptic GABAR kinetic properties.
Here, we test the hypothesis that the changes in kinetics of GABAergic currents occur at synaptic sites, For this purpose, the amplitude and decay times of mIPSCs were recorded from adult CA1 pyramidal cells in the hippocampal slice after 48 hr. in vivo exposure of female rats to 3α,5α/β-THP. To test our hypothesis, α4 expression was suppressed by administering antisense oligonucleotide intraventricularly, thereby allowing us to determine whether increases in α4-containing GABAR contribute to observed changes in mIPSC decay. In addition, both α4-selective and non-α4-selective compounds were tested for their ability to modulate the decay and amplitude of recorded mIPSCs.
Methods

Experimental Animals
Adult female Long-Evans rats (Charles River, were used for all protocols. Animals were housed in groups of three in a University-operated and AALAC approved animal facility where the light:dark cycle (14:10 hrs.) and room temperature (21 o C) were maintained at constant levels. Food and water were available for ad libitum consumption. Animals were sacrificed during the light phase of the cycle (approx. 4-5 hrs. after lights on). Control rats were tested only on the day of diestrus, a low hormone stage, verified by microscopic evaluation of the vaginal lavage, as previously described (Smith and Chapin 1996) . All protocols were conducted following guidelines provided by the Institutional Animal Care and Use Committee.
Hormone administration paradigm
Animals were injected intraperitoneally with neurosteroid (10 mg/kg 3α,5α(β)-THP, three injections over 48 hrs.) on a daily basis, and sacrificed 1-2 hrs. following the last injection. Because both isomers result in similar increases in hippocampal α4 levels (data not shown), most studies were conducted using 3α,5β-THP. This hormone administration protocol has been shown to result in physiological levels of 3α,5α(β)-THP in the hippocampus (Smith et al. 1998b ).
Antisense administration
As described previously (Smith et al. 1998a) , 18 base pair antisense oligonucleotides were constructed +5 to the codon initiating translation for the α4 GABAR subunit (Genosys/Sigma), phosphorothioated at all positions and purified with high pressure liquid chromatography. Missense control oligonucleotides were identical to antisense oligonucleotides, except that every fourth base was scrambled, yielding an identical G:C content. Compounds were administered in the lateral ventricle {-0.8 mm A-P; 1.5 LAT; 3.2 DOWN (Paxinos and Watson 1982)} for 72 hrs. beginning one day prior to and terminating at the conclusion of the hormone administration paradigm. The cannula guide had been previously implanted using stereotaxic surgery one week prior to the onset of the experiment. Oligonucleotides were delivered via a subcutaneously implanted osmotic minipump (2001, Alza Corp.) at a concentration of 2 µg/day (vehicle, 0.35% bovine serum albumin/0.15 M saline) at a rate of 1 µl/hour through 29 gauge tubing attached to the cannula. Successful downregulation of the α4 subunit was determined in 8 of 10 rats tested using Western blot procedures (see below). In all cases, however, successful delivery of oligonucleotides was verified by histological examination of cannula position and an empty minipump chamber. The two cases when downregulation did not occur thus served as sham controls (antisense failure).
Western blot procedures
Successful down-regulation of α4 levels in hippocampus was determined with standard Western blot procedures, as described previously (Smith et al. 1998b) . To this end, crude hippocampal membranes were first normalized according to protein content, and then probed with an antibody developed against a peptide of the rat α4-subunit (amino acids 517-523, with an N-terminal cysteine), from a protocol originally described by Kern and Sieghart (1994) . The α4 band (67 kDa) was detected with enhanced chemiluminescence visualization and quantified using a Umax scanner and One-Dscan software. The results were standardized to a Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 36 kDa) control protein.
In vitro slice preparation
Animals were rapidly decapitated, and the brains removed and cooled using an ice cold solution of artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl 124, KCl 5, CaCl 2 2, KH 2 PO 4 1.25, MgSO 4 2, NaHCO 3 26, and glucose 10, saturated with 95% O 2 , 5% CO 2 and buffered to a pH of 7.4. The hippocampi were then rapidly removed and cut into 400 µm coronal slices with a McIlwain-type Tissue Chopper. Hippocampal slices were held between two nylon nets in a tissue chamber on the stage of the microscope and perfused with aCSF (2 ml/min.) at near-physiological temperature (35 o C), with the exception of pharmacological tests, which were performed at a lower temperature, (27 o C), to increase sensitivity of the analysis (see below). The slices were allowed to incubate in an oxygenated chamber for at least one hour prior to electrophysiological recording.
Electrophysiological recording and analysis
Spontaneous miniature inhibitory post-synaptic currents (mIPSCs) were recorded blind from the pyramidal cell layer of the CA1 hippocampus in the presence of 0.5-1 µM tetrodotoxin (TTX) using whole cell patch clamp procedures and low-pass filtering (2 kHz 4-pole Bessel filter) at a holding potential of -60 mV with an Axopatch 1D amplifier (Axon Instruments). Patch pipets were fabricated from borosilicate glass using a Flaming-Brown puller, and the tips were fire-polished to yield open tip resistances of 2-4 MΩ. {Internal solution (in mM): CsCl 130, MgCl 2 , 2, HEPES 10, BAPTA 0.2, QX-314 5, Mg-ATP 2, pH 7.2, 290 mOsm.}. The bath solution contained aCSF with 2 mM kynurenic acid added to block currents gated by excitatory amino acid transmitters. The GABAergic nature of the recorded currents was verified by blockade with bicuculline methiodide (20 µM, data not shown) and reversal at E Cl-. Only data collected under conditions with pipet access resistance <15 MΩ and 80% series resistance compensation were included in the analysis.
Data were recorded at a 44 kHz sampling frequency on a Vetter VCR and digitized at a 25 kHz sampling frequency using Trace Analyzer (M. Volaski, Albert Einstein College of Medicine, Bronx, NY). Data were then filtered digitally at 1-2 kHz with a 4-pole Bessel filter (-3dB), and events were detected with an automated software program (Ankri et al. 1994) . Only currents with fast (<1 msec) rise times and stable baselines were analyzed. Pre-selection of unitary events with rapid (<1 msec) rise times precludes events distorted by dendritic filtering. The range of values for mIPSC amplitude observed here is consistent with what has been reported (Rudick and Woolley 2001) for female rat hippocampus, recorded under similar conditions. However, the recordings were not of high enough resolution to detect single channel openings, as has been reported (Kraszewski and Grantyn 1992).
The kinetics of mIPSCs recorded following hormone exposure were then analyzed with respect to their decay time constant using mono-and biexponential decay functions applied by non-linear curve fitting routines from Origin software (Microcal Corp., Mass.). Biexponential decay functions are described by the equation: I(t) = I f exp(t/τf) + I s exp(-t/τs); (I=amplitude; τ=decay time constant; f=fast, s=slow component), fit between 10 and 90% of peak amplitude. Goodness-of-fit was determined with the leastsquares method using Levenburg-Marquardt fitting routines or simplex algorithms as determined by the level of background noise. The F test was used to distinguish monoversus biexponential decay functions; significance was noted when P<0.05. In some cases, weighted averages (τ w ) were determined using the equation: τ w =biexponential fraction x {(fraction-fast decay) x (τ fast )+(fraction-slow decay) x (τ slow )} + monoexponential fraction x (τ mono ). Because τ mono was not significantly different from τ w , τ was calculated as a monoexponential function in the pharmacology studies which sought to compare drug responses between groups.
The decay time constants, amplitude and integrated current (total charge transfer)
were determined for individual mIPSCs recorded from each neuron. Averaged values were calculated for each cell, and then these values were averaged across hormone-treatment groups and states of α4 up-or down-regulation. Further, in order to quantify these changes, composite event frequency histograms of these parameters analyzed for individual mIPSCs (1000-3000 events) from the entire population of cells were constructed, using 80-100 mIPSCs/cell, in order to examine the distributions of the values. Decay time distributions are also presented for sample cells (Fig. 1 ) to illustrate changes in decay time constants with hormone treatment. All histograms were analyzed for Gaussian distribution, with single (Origin Labs) or multiple peaks {Origin or SEMMAC program (Ankri et al. 1994 )}. In the latter case, an analytical algorithm was used which treats composite amplitude distributions as mixtures of Gaussians of unknown separations or variances (Korn et al. 1993) . The frequency of events was also calculated for each cell, and values were averaged per group. In some cases, it was not possible to accurately analyze mIPSCs with amplitudes close to or within the background noise; therefore, this population may be underrepresented in these distributions. In addition, although selection of rapid rise times is necessary to eliminate the possibility of dendritic filtering, mIPSCs with slower kinetics (Banks et al. 1998 ) may also be underrepresented in this analysis.
Drug application
In order to distinguish the GABAR subunit composition of recorded mIPSCs, two selective GABAR modulators were tested for their ability to prolong τ of recorded mIPSCs. We chose modulatory drugs which would distinguish between GABAR containing the α4 subunit from those which do not to test the hypothesis that neurosteroid exposure increases the synaptic population of α4βγ2 receptors. Lorazepam (LZM), a BDZ agonist at non-α4 containing synaptic GABAR, is without effect at α4-containing GABAR (Wisden et al. 1991) . This class of BDZs routinely increases τ (Poisbeau et al. 1997 ) of mIPSCs recorded from control hippocampal slices. It was bath applied at a concentration (10 µM) previously shown (Costa et al. 1995; Smith et al. 1998a ) to produce robust increases in the amplitude of GABA(EC 20 )-gated current from acutely dissociated pyramidal cells from female rats recorded at room temperature. In contrast, a BDZ partial inverse agonist, RO15-4513 (10 µM) (Suzdak et al. 1998) , acts as a selective BDZ agonist at α4-containing GABAR (Wafford et al. 1996) . It was also bath applied for 15-20 min. following consistent recording of control, pre-drug responses at room temperature. For these studies, recordings were carried out at room temperature because recent studies (Perrais and Ropert, 1998) suggest that increases in BDZ affinity occur at lower temperatures and magnify changes induced by modulatory states, such as the hormone paradigm employed here. In addition, our previous concentration-response tests comparing drug responses across hormone state have been carried out at room temperature (Gulinello et al., 2001; Smith et al., 1998a,b) . In all cases, mIPSCs were analyzed as described above before and during application of these BDZ ligands, and τ w calculated before and after application of these selective GABA-modulatory drugs.
A significant shift in the distribution of values for τ calculated for individual mIPSCs following drug application gives an indication of the percentage of currents (i.e., synapses) which respond to the drug. The percentage of currents which are shifted to slower values of τ following exposure to RO15-4513 versus LZM thus indicates the ratio of α4 and non-α4-containing GABAR within the recorded synaptic population for hormone-treated and control groups. (All chemicals were obtained from Sigma/RBI, St.
Louis, MO or Calbiochem.)
Statistical Analysis
For all parameters, averaged values and the SEM were calculated, and are presented in the Results section (mean ± SEM). The unpaired Student's t test was implemented to determine statistical significance (P<0.05) between two groups. For drug administration studies, differences between pre-drug and post-drug values were analyzed using the paired t test. Differences between more than two groups were determined using one-way ANOVA followed by the Student-Newman-Keuls post-hoc analysis, when the data followed a normal distribution. In cases where the data did not follow a normal distribution, the non-parametric Kolmogorov-Smirnov procedure was implemented to determine the degree of significance. In all cases, significance was determined when p<0.05. The statistical significance of peak values identified by Gaussian analysis was determined using the Maximum Likelihood Estimate and the Wilke's test (Korn et al 1993) .
Results
Alterations in mIPSC characteristics following 48 hr. 3α,5β-THP treatment
In order to determine if 48 hr. neurosteroid administration alters mIPSC characteristics, TTX-resistant synaptic currents were recorded from CA1 hippocampal pyramidal cells at near physiological temperature (35 o C) using the slice preparation, and the results from steroid-treated and control animals were compared. In vivo exposure to the neurosteroid 3α,5β-THP for 48 hrs. resulted in a significantly 30% faster (P<0.05) mIPSC decay time constant (τ w ), weighted for the relative contribution of fast and slow components and averaged from the mean values for each of the 25 cells recorded (Table   1 ), compared to control. Representative traces from single cells are illustrated in Fig. 1 , where similar decreases in τ w are noted for individual and averaged traces ( Fig. 1A and   B , respectively).
The distribution of values of τ w recorded from a single cell after short-term hormone treatment (Fig. 1C ) reflects a single mode, with a peak value (2.55 ± 0.04 msec) significantly (P<0.05) less than that of the control distribution, which in this case was either bimodal (peaks at 3.8 msec, wt. 0.42; 5.0 msec, wt. 0.58) or somewhat skewed to the right. Overall, when current deactivation rates were analyzed with respect to the number of exponentials, a greater fraction of mIPSCs recorded from hormone-treated animals were found to decay biexponentially (Table 1) , with a markedly accelerated fast component of decay (τ fast <1.0 msec) compared to control values, but no significant difference in the slow component of decay.
Consistent with the observed decreases in τ w , the total charge transfer was also significantly (P<0.01) decreased following 48 hr. 3α,5β-THP treatment compared to control (Figs. 4B, 5B). However, the range of values for mIPSC amplitude was not significantly altered, although there was a slight shift to lower values after 3α,5β-THP treatment versus control (Fig. 1C ). The frequency of mIPSC occurrence did not vary across hormone state (48 hr. 3α,5β-THP exposure, 11.2 ± 3.1 Hz, n=1200 vs. control, 12.5 ± 4.5 Hz, n=700).
α4 GABAR subunit antisense administration
Our previous work established that 48 hr. exposure to 3α,5α-THP (Gulinello et al. 2001 ) increases hippocampal levels of the α4 GABAR subunit by 2-3 fold. In order to test the possibility that α4-containing GABAR at the synapse contribute to the acceleration in mIPSC τ observed following hormone exposure, hormone-treated animals were continuously administered α4 antisense or missense oligonucleotide intraventricularly across the final 72 hr. period of the respective hormone paradigm.
Administered in this way, α4 antisense oligonucleotide significantly (P<0.001) reduced hippocampal levels of the GABAR α4 subunit from a 180% increase to almost undetectable levels (92 ± 5% reduction) in 8 of 10 animals following 48 hr. neurosteroid exposure (Fig. 2 ). Using this approach, a significantly (P<0.05) slower τ w was observed under conditions of low α4 expression (5.52 ± 0.45 msec) than was seen with high α4 expression (2.87 ± .32 msec).
Because the primary change in mIPSC characteristics observed as a consequence of neurosteroid exposure was acceleration of the fast component of decay, individual mIPSCs recorded from both treatment groups were evaluated for mono-and biexponential fit. To this end, the coefficient of determination (r 2 ) and the F test were used to distinguish between fits. Using this approach, conditions of high α4 expression (missense/antisense failure + THP) were associated with a greater fraction of mIPSCs best fit with a biexponential decay, as compared to low (antisense + THP) α4 expression.
(42.3 vs. 16.3%, respectively; Fig. 3 , Table 2 ). The distribution of values for the fast component of τ (τ fast ) exhibited two peaks with values of 0.54 ± 0.007 msec (75%) and
1.08 ± 0.04 msec (25%, mean = 0.67 ± 0.03 msec, P<0.05) under conditions of high α4 expression with the fast component accounting for 62% of the total current. In contrast, τ fast was significantly slower (1.14 ± 0.06 msec), and accounted for a smaller fraction of the total current (47.0 %) under conditions of low α4 expression (P<0.05). Values for τ slow were not significantly different between high and low α4 expression groups ( Table   2 ).
Conditions of low α4 expression resulted in a majority of mIPSCs best fit as monoexponential decay functions ( Fig. 3 , Table 2 ). The distribution of values for τ mono revealed a single peak around 5 msec, with an average τ mono =6.02 ± 0.05 msec. In contrast, high α4 conditions (missense/antisense failure) produced a bimodal distribution of τ mono , with peaks at 2.73 ± 0.07 msec and 5.96 ± 0.17 msec (P<0.05), yielding an average τ mono =3.40 ± 0.37 msec. From the total population of mIPSCs sampled following 48 hr. 3α,5β-THP treatment (both mono-and biexponential decays), the total percentage of current decaying with a faster rate than control currents under conditions of α4 upregulation was 47%, thus suggesting that approximately half of the synaptic GABAR clusters exhibit faster rates of deactivation following short-term neurosteroid exposure.
Benzodiazepine modulation of synaptic current after 48 hr. 3α,5β-THP treatment:
Lorazepam
In order to pharmacologically and quantitatively distinguish between α4containing and non-α4-containing subsynaptic GABAR following hormone treatment, synaptic responses were recorded after application of the benzodiazepine (BDZ) ligands lorazepam (LZM) or RO15-4513, which elicit different responses at α4βγ2 vs. non-α4βγ2 GABAR (Wafford et al. 1996; Wisden et al. 1994) . LZM is a selective BDZ agonist at GABAR isoforms that lack the α4 or α6 type subunit (Wafford et al. 1996; Wisden et al. 1994) . That is, α4-containing GABARs are insensitive to modulation by this compound. Therefore, distributions of τ w (weighted decay time constant) for individual mIPSCs were analyzed before and after bath application of 10 µM LZM to compare responses of slices from hormone-treated vs. control animals in order to estimate the percentage of non-α4 containing GABAR subsynaptically. This compound yielded robust two-to three-fold increases in τ w of individual mIPSCs recorded at 27 o C in slices from control animals, compared to pre-drug responses ( Fig. 4 A,B , Table 3 ). In contrast, synaptic currents recorded following 48 hr. 3α,5β-THP treatment (Fig. 5 , Table   3 ) responded to LZM with at most a 70-100% increase in τ w . While the frequency distributions of τ w suggest that 90% of control values were shifted to slower values after exposure to LZM, only 30-40% of individual mIPSC τ w 's from hormone-treated slices were shifted to slower values following LZM application.
Under control conditions, bath application of LZM also increased the mIPSC amplitude by two-fold under control conditions ( Fig. 4A) , an effect observed in more than 60% of the recorded cells. In contrast, mIPSC amplitude was increased by 50% in only 10-15% of the recorded mIPSCs following 48 hr. neurosteroid exposure (Fig. 5A ).
In both cases, total charge transfer was increased by LZM administration (Figs. 4, 5) , but this effect was significant (P<0.05) only for mIPSCs recorded from control slices.
RO15-4513
The second compound used, RO15-4513, is a BDZ partial inverse agonist at GABAR lacking the α4/6 subunit (Suzdak et al. 1988 ) and a full positive agonist at receptors containing the α4 subunit (Wafford et al. 1996) . Thus, estimating the percentage of synaptic currents responsive to this compound should give an indication of the prevalence of α4-containing GABAR located sub-synaptically. mIPSCs recorded following 48 hr. 3α,5β-THP treatment exhibited a significant (P<0.05) prolongation of decay time (τ w ) following bath application of 10 µM RO15-4513 compared to decay of currents recorded prior to drug application (τ w =20.3 ± 3.3 ms vs. 8.79 ± 1.2 ms, pre-drug, Fig. 5 , Table 3 ). In contrast, the decay of mIPSCs recorded in slices from untreated rats was significantly accelerated (Fig. 4 , Table 3 ) after exposure to this drug, an effect consistent with its properties as a BDZ partial inverse agonist at non-α4 containing GABARs. Analysis of the individual currents across the entire population of cells from hormone-treated animals sampled before and during application of RO15-4513 revealed a bimodal distribution. The primary peak, which accounted for approximately 60% of the recorded current, represented values of τ w around 20 msec, a value significantly greater than the 8.45 msec average calculated for pre-drug values. In contrast, the secondary peak around 5 msec represented a slightly decreased range of values for τ w compared to predrug conditions. Individual values calculated for total charge transfer also exhibited a bimodal distribution, with peaks similar to pre-drug values as well as higher (56 pC) than the range of pre-drug values for this parameter. In contrast, mIPSC amplitude was unaffected by bath application of RO15-4513. These results suggest that approximately 50% of the GABAergic currents recorded respond to α4-selective compounds following neurosteroid exposure.
Discussion
The results from this study suggest that increased expression of α 4 βγ 2 GABAR at CA1 pyramidal cell synapses produced by a 48 hr. neurosteroid exposure results in current with an accelerated decay time constant. This change was accompanied by significant decreases in total charge transfer, an effect which would decrease inhibition following hormone treatment. In contrast, there were insignificant decreases in mIPSC amplitude and no change in event frequency, suggesting a specific action on the postsynaptic component of GABAergic synapses. The resulting decrease in inhibitory synaptic input to CA1 hippocampal neurons as a consequence of hormone exposure is consistent with the increased behavioral excitability we observe at this time (Gulinello et al. 2001 ).
α4 subunit upregulation
The results from the present study suggest that α4-containing GABAR localized to synaptic sites are responsible, at least in part, for the observed decrease in decay time for GABAergic mIPSCs following short-term neurosteroid exposure. The most compelling evidence for this conclusion is that suppression of expression of α4 subunit levels prevented the decrease in mIPSC τ following hormone exposure. In contrast, marked decreases in τ were observed under conditions where α4 upregulation was not suppressed following hormone exposure.
In addition, the pharmacological specificity of mIPSC response observed after 48 hr. neurosteroid treatment also suggests a sub-synaptic localization of α4-containing GABAR: The distribution of decay time constants recorded at this time shifted to slower values after bath application of the α4-selective BDZ agonist RO15-4513 (Wafford et al. 1996) . This shift in τ distribution is consistent with a prolongation in τ for about 50% of the responses. In contrast, this compound produced slight decreases in τ for mIPSCs recorded under control conditions, an effect consistent with its role as a BDZ partial inverse agonist at non-α4/α6 GABAR (Suzdak et al. 1988) . mIPSC τ distributions calculated after 48 hr. 3α,5β-THP treatment also revealed a population of slower τs for 50% of the recorded population in response to LZM application, reflective of non-α4 containing GABAR, as the α4 subunit is BDZ-insensitive (Wafford et al. 1996; Wisden et al. 1991) . It is noteworthy that both the pharmacology and antisense protocols revealed changes in approximately half of the synaptic events recorded from cells following hormone treatment. This suggests a 1:1 expression of α4 and non-α4containing GABAR subsynaptically following 48 hr. neurosteroid exposure.
Although α4-containing GABAR have not been localized to the synapse heretofore, due to problems with antibody affinity, the α4 subunit has been shown to coexpress with the γ 2 subunit in CA1 hippocampus (Sur et al. 1999) , which is required for synaptic localization (Essrich et al. 1998 ). In addition, however, 3α,5β-THP withdrawal following chronic administration of its parent compound progesterone increases expression of α 4 βδ GABAR (Sundstrom-Poromaa et al. 2002), a receptor isoform which is believed to be extrasynaptic (Nusser et al. 1998 ). These results suggest the possibility that α 4 -containing receptors may be differentially distributed between synaptic versus extrasynaptic GABAR populations, depending upon the hormone exposure paradigm.
Current deactivation
The mIPSC decay time constant is an approximate measure of the deactivation rate of synaptically localized GABAR, given that the GABA released at synapses on the pyramidal cell soma, the locus of most inhibitory activity (Soltesz et al. 1995) , is quickly (<1 msec) removed from the synaptic cleft (Maconochie et al. 1994; Williams et al. 1998 ). The most striking effect of neurosteroid exposure was to accelerate τ fast , an effect blocked by prior administration of antisense oligonucleotide to prevent α4 subunit upregulation, while τ slow was either unchanged, or in some cases, prolonged in comparison to control values. The fast component of decay is thought to represent the initial closing of channels within a burst (Jones and Westbrook 1996; McClellan and Twyman 1999) while τ slow is more likely to represent final channel closing and unbinding of ligand (Jones and Westbrook 1996) . In the present study, currents were pre-selected for rapid rise times (<1msec); thus, analyzed currents would be less likely to be contaminated with the effects of dendritic filtering, which would have produced a more heterogeneous range of values for τ fast (Edwards et al. 1990 ). The acceleration in τ fast following 48 hr. 3α,5β-THP exposure is consistent with recent findings demonstrating a shorter mean open time for α4-containing GABAR, assessed using fluctuation analysis (Maric et al. 1999) . In fact, rates of GABAR deactivation are known to be influenced by the expression of particular GABAR α subunits; α 1 -containing GABAR deactivate with a time constant six-fold faster than α 2 -containing GABAR, an outcome demonstrated both using excised neuronal membrane patches and synaptic current recording (Lavoie et al. 1997; Vicini S et al. 2001 ).
In addition to producing decreases in τ, 48 hr. exposure to 3α,5β-THP also increased the percentage of currents decaying biexponentially from 16% (Poisbeau et al. 1999 ) to 42%. Interestingly, in addition to reflecting a change in GABAR subunit composition, this phenomenon may be a result of post-receptor mechanisms such as receptor phosphorylation. In fact, increases in phosphorylation (Poisbeau et al. 1999) produces a number of changes which are strikingly similar to those we observe following short-term hormone treatment, including i.) an increase in currents with a biexponential decay, ii.) an acceleration in τ (Jones and Westbrook 1997) and iii.) a decrease in mIPSC amplitude. These intriguing similarities suggest that alterations in phosphorylation state may also play a role in mediating the changes in synaptic current we observe following neurosteroid exposure.
Transmitter saturation
Our data suggest that mIPSC amplitude is increased by bath application of the BDZ agonist LZM in slices from control animals, an effect which was markedly attenuated following 48 hr. exposure to neurosteroid. This finding is most likely to represent a difference in postsynaptic receptor saturation between the two experimental conditions. In acutely isolated CA1 hippocampal neurons from control female rats, 10 µM LZM prolongs the decay but fails to increase the amplitude of currents gated by saturating concentrations of GABA at room temperature (unpublished data, present laboratory), consistent with an effect of this drug on increasing the frequency of single channel bursts as previously reported (Twyman et al. 1989) . Therefore an increase in mIPSC amplitude produced by LZM may reflect a lack of receptor saturation at these synapses under control conditions. Recent studies have demonstrated that mIPSCs recorded at room temperature from CA1 hippocampus in young male rodents are increased in amplitude following application of BDZ type I agonists such as zolpidem, (Cohen et al. 2000; Hajos et al. 2000; Perrais and Ropert 1999) , suggesting that these synapses do not receive saturating concentrations of agonist during quantal release.
Although synapses in adult, male rat CA1 hippocampus have been shown to receive saturating concentrations of transmitter (Cohen et al. 2000) , the present study is the first to evaluate these synapses in the female and to suggest a gender-specific effect. However, after short-term neurosteroid exposure, BDZ agonists produced only minor increases in the amplitude of mIPSCs, suggesting that one consequence of short-term neurosteroid administration is saturation of synaptic GABAR. This effect is most likely due to a decrease in GABAR density subsynaptically, rather than to an increase in released GABA, because mIPSC amplitude was slightly decreased under pre-drug conditions compared to mIPSC amplitude recorded from the diestrous control animals. However, presynaptic mechanisms (Frerking et al. 1995) cannot be completely ruled out.
Functional consequences of kinetic changes
Chronic exposure to and withdrawal from other GABA modulatory compounds such as the benzodiazepines also produces changes in hippocampal synaptic current by decreasing mIPSC amplitude (Poisbeau et al. 1997; Zeng and Tietz 1999) and in some cases, resulting in "silent" synapses in hippocampal neurons (Poisbeau et al. 1997) . In all cases, these changes would be expected to decrease inhibitory tone in this region, an effect which would be expected to produce hyperexcitability of the circuit. In the present study, decreases in total charge transfer resulting from the faster τ produced by neurosteroid administration would also lead to hyperexcitability of the hippocampal circuitry.
This decrease in inhibition may underlie the increases in anxiety observed after 48 hr. exposure to neurosteroid when BDZ-resistant increases in anxiety are observed (Gulinello et al. 2001) . In addition, the present results may be comparable to chronic treatment or withdrawal from other GABA-modulatory drugs (Devaud et al. 1997; Holt et al. 1996; Mahmoudi et al. 1997 ) and kindling models of epilepsy, when circuit hyperexcitability and α4 subunit upregulation (Brooks-Kayal et al. 1998; Holt et al. 1996; Mahmoudi et al. 1997 ) occur in conjunction with BDZ insensitivity (Kapur 2000; Mtchedlishvili et al. 2001 ).
Conclusion
In conclusion, the results from the present study suggest that short-term in vivo exposure to the GABA-modulatory 3α,5β-THP accelerates the decay time for synaptic current primarily as a result of upregulation of the GABAR α4 subunit. This altered kinetic state would decrease inhibitory synaptic drive to the hippocampal circuitry and may be one mediating factor for the alteration in affective tone observed across naturally occurring fluctuations in endogenous steroids, such as occur during premenstrual syndrome.
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